Self-generated neuronal activity originating from subcortical regions drives early spontaneous motor activity, which is a hallmark of the developing sensorimotor system. However, the neural activity patterns and role of primary motor cortex (M1) in these early movements are still unknown. Combining voltage-sensitive dye imaging (VSDI) with simultaneous extracellular multielectrode recordings in postnatal day 3 (P3)-P5 rat primary somatosensory cortex (S1) and M1 in vivo, we observed that tactile forepaw stimulation induced spindle bursts in S1 and gamma and spindle bursts in M1. Approximately 40% of the spontaneous gamma and spindle bursts in M1 were driven by early motor activity, whereas 23.7% of the M1 bursts triggered forepaw movements. Approximately 35% of the M1 bursts were uncorrelated to movements and these bursts had significantly fewer spikes and shorter burst duration. Focal electrical stimulation of layer V neurons in M1 mimicking physiologically relevant 40 Hz gamma or 10 Hz spindle burst activity reliably elicited forepaw movements. We conclude that M1 is already involved in somatosensory information processing during early development. M1 is mainly activated by tactile stimuli triggered by preceding spontaneous movements, which reach M1 via S1. Only a fraction of M1 activity transients trigger motor responses directly. We suggest that both spontaneously occurring and sensory-evoked gamma and spindle bursts in M1 contribute to the maturation of corticospinal and sensorimotor networks required for the refinement of sensorimotor coordination.
Introduction
The primary motor cortex (M1) is a central element in the planning, control, and execution of voluntary movements (for review, see Roland and Zilles, 1996; Sanes and Truccolo, 2003) . A variety of studies demonstrated that M1 also responds directly to tactile and proprioceptive stimuli (Lemon, 1981; Fromm et al., 1984; Farkas et al., 1999) . In the M1 forepaw representation of adult rats, the tactile sensory inputs converge on motor neurons (Chapin and Woodward, 1986) , indicating the close interaction of sensory and motor functions even on the basis of single neurons. Such a strong somatosensory input to M1 is considered to be required for coordinated movements (Hikosaka et al., 1985; Xerri et al., 1996; Hiraba et al., 2000; Faraji et al., 2013) , motor learning (Ridding et al., 2000; Luft et al., 2002) , and sensory processing during active movements (Ferezou et al., 2007; Zagha et al., 2013) .
Early motor activity has been observed in humans before birth (de Vries et al., 1982; Cioni and Prechtl, 1990) and in rodents during early postnatal development (Gramsbergen et al., 1970; Clarac et al., 2004) . Neuronal activity in different subcortical regions, such as the spinal cord or brainstem (Clarac et al., 2004; Blumberg, 2010; Tiriac et al., 2012) , trigger these early motor behaviors, although recent studies provide evidence that, in preterm human babies, activity in the motor cortex contribute to limb movements (Kanazawa et al., 2014) . In turn, these spontaneous movements elicit a sensory stimulus that evokes typical activity patterns in the primary somatosensory cortex (S1) of immature rodents and humans (Khazipov et al., 2004; Milh et al., 2007) . Such neuronal activity may generate the correlated activity patterns essential for the development of adequate afferent connections to sensory neocortical areas (Penn and Shatz, 1999; Khazipov and Luhmann, 2006) , for the development of functional topography in the somatosensory cortex (Minlebaev et al., 2011; Yang et al., 2013) , and for proper connectivity of corticospinal efferences (Martin, 2005) . Although the development of somatosensory maps during early development (Yang et al., 2013) and the functional implications of evoked and spontaneous activity patterns on the development of S1 have been addressed in the past by a number of studies (for review, see Kilb et al., 2011) , the role of M1 during early developmental stages is unknown.
To address the question of whether already in the neonatal cerebral cortex sensory stimulation elicits a response in M1 and to understand the functional properties and underlying mechanisms of these responses, we performed voltage-sensitive dye imaging (VSDI) in combination with multichannel extracellular electrophysiological recordings in both S1 and M1 of postnatal A single mechanical stimulus of the forepaw induces in the newborn rat a VSDI response in both S1 and M1. A, Schematic diagram of the experimental setup illustrating selective mechanical stimulation of the forepaw (A1) and simultaneous VSDI recordings in S1 and M1 (A2). The exposed cortex includes the forepaw representation in S1 (red) and M1 (blue) as identified by the VSDI response after mechanical stimulation of the forepaw in a P5 rat. The red and blue diagrams are superimposed on the cortex based on previously published data (Brecht et al., 2004a; Brecht et al., 2004b) . A, Anterior; L, lateral; P, posterior; M, medial. A3, Flattened maps of S1 and M1 cortex (Brecht et al., 2004b; modified from Brecht et al., 2004a) . Schematic illustration marked by dashed black square indicates the same cortical region as shown in A2. Two 4-shank/16-channel electrodes were inserted into the area of VSDI evoked responses in S1 (red) and M1 (blue), respectively. A4, Schematic illustration of a 4-shank/16-channel Michigan electrode array. B1, Left, Same cortex as in A2 stained with the voltage-sensitive dye RH1691. Shown are VSDI responses in S1 and M1 from 0 to 176 ms poststimulation of the right forepaw. B2, Line scan of the VSDI response along the yellow dashed line (indicated on the left image of B1) from 0 to 500 ms after stimulation from the same recording as B1. Note two clear separate responses in S1 and M1. C, Average of 10 VSDI responses in S1 (red trace) and M1 (blue trace) to single forepaw stimulation. Green dashed line indicates the time point of mechanical stimulation. Same experiment as in B. Inset shows a representative response at an expanded time scale. Note that VSDI response appears first in S1 and several milliseconds later in M1. D, Statistical analyses of onset latency (D1) and maximal amplitude (D2) of forepaw evoked VSDI responses and size of activated regions (D3) obtained in 16 P3-P5 rats. Note that sensory-evoked responses in M1 have a larger latency and smaller amplitude than responses in S1. The averaged data (bigger symbols) are expressed as mean Ϯ SD. Small symbols connected by black lines represent individual animals. Significant differences between S1 and M1 were tested with Mann-Whitney-Wilcoxon test. ***p Ͻ 0.001; *p Ͻ 0.05.
ing to the area of the spatial representation with reference to the half-maximal ⌬F/F 0 amplitude. Maximal amplitudes were defined as the maximal ⌬F/F 0 .
Multielectrode recordings. Local field potentials (FPs) and multiple-unit activity (MUA) were recorded with 2 4-shank/16-channel or 1 8-shank/128-channel Michigan electrodes (1-2 M⍀; NeuroNexus Technologies) as described previously (Yang et al., 2013) . Recording sites were separated by 125 m in the horizontal direction and 50 m in the vertical direction in the 4-shank/16-channel electrode (see Fig. 1A4 ). In the 8-shank/128-channel electrode, recording sites were separated by 200 m in the horizontal direction and 75 m in the vertical direction (see Fig. 4 ). A silver wire was placed on the surface of the cerebellum as ground electrode. The recording electrodes in S1 and M1 were positioned perpendicular to the cortical layers. At least one shank of each electrode was inserted into the center of the forepaw representations in M1 and/or S1 as identified by VSDI (see Fig. 1 A, B ). FPs and MUA were recorded for at least 2 h at a sampling rate of 20 kHz using a multichannel extracellular amplifier and MC_RACK software (Multi Channel Systems). If not stated otherwise, the FP and MUA were analyzed from the electrode located in layer II/III of S1 and M1.
Analysis of multielectrode recordings. As described previously (Yang et al., 2013) , the FP signals from each channel were analyzed using unfiltered data. MUA was detected using 200 Hz high-pass-filtered signals with a threshold at 5ϫ the baseline SD and a bin of 1 ms. The prestimulus or poststimulus time histograms (PSTH) were calculated from all trials using a 1 ms bin and were normalized to the number of spikes per second per trial.
Gamma bursts were identified by the following criteria. We only considered events with at least three periods in the FP and an average duration of each period of Ͻ40 ms, corresponding to an average frequency of Ͼ25 Hz. Furthermore, the time-frequency spectrogram and the wavelet of Fourier transform of the FP showed a dominant frequency between 25 and 80 Hz. For spindle bursts, we also considered the events with at least three periods in the FP and an average duration of each period of ϳ100 ms. In addition, the dominant frequency of the time-frequency spectrogram and the wavelet of Fourier transform of FP is ϳ10 Hz.
The time-frequency spectrogram, power spectra, and coherence were analyzed using unfiltered raw data. The Chronux toolbox (www. chronux.org) was used for spectrum and coherence analyses. MATLAB spectrogram function with a time window of 100 ms and an overlapping of 99 ms (MATLAB 7.7; The MathWorks) was used for the time-frequency spectrogram analyses. The jackknife method provided in the Chronux toolbox was used to calculate 95% confidence intervals. Both spectrum and coherence analyses were performed using a time-bandwidth product of 1 with a taper of 1 and the padding factor for the fast Fourier transformation was 2.
Analysis of the latencies between forepaw movements and activity in M1. Onset times of forepaw movements and M1 activities were detected by visual inspection. The latency distributions between movements and activity in M1 were analyzed within a time frame of Ϯ200 ms upon movement initiation and were tested in a shuffled dataset. The shuffled dataset consisted of 20 shuffled traces in which the M1 activity onset was moved using a Gaussian distribution with ϭ 0 and ϭ mean interevent interval.
Local blockade of M1. A pharmacological inactivation of the forepaw representation in M1 was performed by local application of lidocaine via a glass pipette (tip diameter of 30 -40 m) filled with lidocaine hydrochloride monohydrate (1% in Ringer's solution; Sigma-Aldrich) and attached to a syringe. The tip of the glass pipette was positioned on the M1 surface close to the multichannel recording electrode. After a 30 min baseline recording, 2-4 l of lidocaine was applied. Blockade of M1 lasted for ϳ30 min.
Intracortical microstimulation in M1. After identification of the forepaw representation in M1 by VSDI, we inserted 1 4-shank/16-channel Michigan electrode perpendicular to the cortical layers with at least 1 shank into the center of the M1 representation. On this 4-shank stimulation array, the electrodes were separated by 200 m in both the horizontal and vertical directions. Electrodes were labeled with DiI (1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethyl indocarbocyanine; Invitrogen) for subsequent histological reconstruction of the electrode tracks in Nissl-stained coronal sections through M1 (see Figs. 4 A, C, 6A2). After current source density (CSD) analysis of forepaw sensory-evoked responses, two channels located in layer V at a depth of 700 -800 m were selected for bipolar electrical stimulation. A single pulse (150 A, 100 s) and 10 biphasic current pulses at 10 or 40 Hz were delivered separately through the two channels by a modified MEA1060-Inv-BC preamplifier (Multi Channel Systems) and a stimulus generator (STG 2004; Multi Channel Systems) .
Local blockade of the forepaw. Local inactivation of neuronal activity in the forepaw was achieved by application of 40 l of lidocaine hydrochloride monohydrate (3% in saline; Sigma-Aldrich) into the forepaw (see Fig. 9 ). Blockade of the forepaw lasted for ϳ1 h.
CSD analyses. CSD profiles were calculated from the FP profiles according to methods described previously (Freeman and Nicholson, Figure 2 . Sensory-evoked response in S1 and M1 by mechanical forepaw stimulation. A1, Forepaw stimulation evoked spindle bursts in contralateral S1 (red) and gamma/spindle bursts in contralateral M1 of a P4 rat. The wavelet analyses above the FP traces are calculated from the unfiltered raw data. The FPs are from unfiltered raw data and MUA traces are high-pass filtered (Ͼ200 Hz). Green dashed line indicates the time point of mechanical stimulation. A2, Initial response in S1 and M1 as marked in A1 by dashed box. B, Statistical analyses of the onset latency (B1), maximal amplitude (B2), and duration (B3) of forepaw evoked FPs obtained from 12 P3-P5 rats. Note that sensory-evoked responses in M1 have a longer latency, smaller amplitude, and shorter duration than responses in S1. The averaged data (larger symbols) are expressed as mean Ϯ SD. Small symbols connected by black lines represent individual animals. Significant differences between S1 and M1 were tested with Mann-Whitney-Wilcoxon test. ***p Ͻ 0. 001. 1975) . To obtain the same number of CSD profiles and LFP signals, we first duplicated the uppermost and lowermost channels in each shank. Then, the LFPs were smoothed to reduce high spatial-frequency noise as follows:
where (r) is the LFP at depth r, and h is the sampling interval (75 m) (Sakata and Harris, 2009). Next, the second derivative was computed as follows:
Data were interpolated and plotted as pseudocolor images, with current sources and sinks represented by red (positive) and blue (negative) colors, respectively. Statistical tests. Data are presented as mean Ϯ SD. A paired t test was used for comparing subsequent measurements in the same group of animals. One-way ANOVA was applied for comparing more than two different groups, followed by multiple comparisons with Bonferroni's Figure 3 . Properties of sensory-evoked gamma and spindle bursts in immature S1 and M1. A, FP recordings (top), multiunit activity (bottom), and corresponding PSTH (middle) in contralateral S1 and M1 upon mechanical forepaw stimulation in a P4 rat. Shown are averaged (red and blue traces) and superimposed 20 single (gray traces) cortical FP responses to forepaw stimulation. Note that gamma bursts are induced in the early component of the M1 responses and spindle bursts are present in the late components of the S1 and M1 responses. B, Auto-and cross-correlation analyses of early (B1-B3) and late (B4-B6 ) MUA in S1 and M1 from the data marked in A. In the early component, obvious peaks (black arrowheads) occurred in the autocorrelation of M1 MUA at ϳ25 ms (B2), but not in S1 MUA (B1), and S1 MUA precedes M1 MUA (black arrowhead) in the cross-correlation (B3). In the late response, peaks (black arrowheads) are evident at ϳ100 ms in both autocorrelation (B4-B5) and cross-correlation (B6 ) of S1 and M1 MUA. Yellow traces indicate results of shuffled dataset. C, Average FP and MUA spectrum analyses of the early (C1-C2) and late (C4-C5) components recorded in S1. Average coherence of FP versus MUA in the early (C3) and late (C6 ) component of 187 forepaw stimulation evoked responses recorded in seven P3-P5 rats. Red traces show averages; shaded area, 95% confidence interval. Note the ϳ10 Hz peaks (black arrowheads) in the spectra of FP, MUA in both early and late evoked responses, and that coherence of FP versus MUA shows a peak only for the late component. D, Similar analyses as in C, but from simultaneous recordings in M1 (blue). Note that spectrum and coherences of FP and MUA show ϳ40 Hz peaks (black arrowheads) in the early component (D1-D3) and ϳ10 Hz peak (black arrowheads) in the late component (D4-D6 ) of evoked responses in M1.
correction using SPSS software version 13.0. A Mann-Whitney-Wilcoxon test was performed with the datasets recordings at two sites in the same animal using Prism software (GraphPad).
Results

VSDI and extracellular multielectrode recordings of sensory processing in the immature rat sensorimotor cortex
The forepaw representations in S1 and M1 were identified in newborn (P3-P5) rats in vivo by VSDI after single mechanical stimulation of the forepaw (Fig. 1) . In all animals (n ϭ 16), stimulation of the forepaw evoked a reliable and local response in contralateral S1, with a latency of 46.2 Ϯ 4.4 ms, an amplitude of 0.91 Ϯ 0.12% ⌬F/F 0 , and an activated region of 0.42 Ϯ 0.13 mm 2 ( Fig. 1C,D) . In addition, a local response in contralateral M1 could be observed 8.7 Ϯ 3.1 ms after this initial response in S1 (Fig. 1C) . The evoked responses in M1 had a significantly ( p Ͻ 0.001) longer onset latency of 54.9 Ϯ 6.3 ms ( (Fig. 1D3 ) than the responses in S1. The initial origins of the VSDI responses in S1 and M1 were spatially separated and the activity spread radially from these sites (Fig. 1B) , indicating that both areas were directly activated and excluding that VSDI signals in M1 represent unspecific lateral spread of evoked activity. Our results demonstrate that sensory stimulation reliably induces two spatially distinct local responses in S1 and M1 in newborn animals, comparable to previous results obtained in adult rodents (Brown et al., 2009; Ghosh et al., 2010) .
VSDI has limited temporal resolution and does not allow recordings of highfrequency activity patterns Ferezou et al., 2007; Mcvea et al., 2012; Yang et al., 2013) . Therefore, we inserted one Michigan electrode into the forepaw representation of cortical S1 and another electrode into the forepaw representation of M1 as identified by preceding identification of these areas with VSDI (Fig. 1A) . A single mechanical stimulus of the forepaw elicited FP responses in contralateral S1 and M1 ( Fig.  2A) . In S1, FP responses occurred at a latency of 43.6 Ϯ 4.7 ms (n ϭ 12), whereas in contralateral M1, FP responses with a significantly longer latency of 52.1 Ϯ 3.3 ms were recorded (Fig.  2B1) . Compared with the responses recorded in S1, the activity in M1 had a significantly ( p Ͻ 0.001) smaller amplitude (1.92 Ϯ 0.73 mV vs 2.76 Ϯ 1 mV, n ϭ 12; Fig. 2B2 ) and shorter duration (1.03 Ϯ 0.55 s vs 1.39 Ϯ 0.58 s, n ϭ 12; Fig. 2B3 ). These results demonstrate that the sensory-evoked responses in S1 precede the responses in M1.
The FP and MUA responses to single stimulation of the forepaw consisted of an early and late component in both S1 and M1 (Fig. 3A) , as described previously for sensory responses in the visual cortex (Colonnese et al., 2010) and barrel cortex (Yang et al., 2013) of newborn rodents. The onset of evoked MUA in S1 preceded the MUA in M1 by ϳ8 ms (see PSTH in Fig. 3A ), which is also visible as a peak in the cross-correlogram between S1 and M1 ( Fig. 3B3 ), in agreement with our previous observations. In the early component, the autocorrelation of MUA recorded in M1 showed a peak at ϳ25 ms (ϳ40 Hz), which was absent in S1 (Fig. 3B2 ). In the late component, the auto-correlation and crosscorrelation of MUA in both S1 and M1 showed a broad peak at ϳ100 ms, revealing spindle burst activity at ϳ10 Hz (Fig. 3B4 - B6 ). These results were substantiated by power spectra of FP and MUA responses (187 evoked events in seven animals), which also showed for the early component a peak at ϳ10 Hz for S1 (Fig.  3C1,C2 ) and a peak at ϳ40 Hz for M1 (Fig. 3D1,D2 ). For this component, the coherence between FP and MUA was for M1 maximal ϳ40 Hz (Fig. 3D3 ), whereas no obvious coherence peak was observed for S1 (Fig. 3C3) . For the late component, the peaks in the power spectra of FP and MUA responses and the coherence Figure 5 . Coupling of spontaneous activity between S1 and M1. A, A 20 s simultaneous recording of spontaneous activity in M1 (blue) and S1 (red) from a P3 rat. Note the high incidence of simultaneously occurring (black asterisks) gamma and spindle bursts in M1 and S1, as well as the presence of a few events restricted to M1 (blue square) or to S1 (red squares). The events marked by i-ii are shown at higher resolution with corresponding spectrograms on the right. B, Summarized FP recordings (top), MUA (bottom), and corresponding PSTH (middle) of spontaneous gamma activity in M1 and corresponding S1 activity from the experiment shown in A. Averaged (blue trace) FP from 11 superimposed single (gray traces) spontaneous gamma bursts in M1 (B1) and simultaneous recording activity in S1 (B2). The recordings from M1 and S1 were aligned to the onset of the M1 FP events. Note gamma bursts in M1 FP and PSTH, but not in S1. C, Same display as in B, showing spontaneous spindle bursts in M1 and corresponding activity in S1. Note spindle bursts in both M1 and S1. D, Average spectrum of FP and MUA analyses of gamma (D1,D2) and spindle bursts (D4,D5) recorded in M1 (blue) from events shown in B1-C1. An averaged coherence analyses of 195 spontaneous gamma (D3) and 253 spindle (D6 ) bursts (FP events vs MUA) recorded in M1 from nine P3-P5 rats. Blue traces show averages and the shaded area represents the 95% confidence interval. Note ϳ40 Hz peak (black arrowheads) in the averaged gamma bursts and the ϳ10 Hz peak (black arrowheads) in the averaged spindle burst response. E, Similar analyses as in D, but from simultaneous recording in S1 (red). Note the ϳ10 Hz peak (black arrowheads) in the averaged spindle burst response.
between both signals was highest at ϳ10 Hz in both S1 (Fig.  3C4-C6 ) and M1 (Fig. 3D4-D6 ). These data demonstrate that the early phase of sensory-evoked activity in S1 is lacking an oscillatory component, whereas the early phase in M1 consisted of gamma oscillations. Additional recordings with 8-shank/128-channel electrodes, performed to improve the spatial resolution, revealed for gamma bursts in M1 (n ϭ 6) a clear current sink in lower layer II/III with extension into upper layer V (Fig. 4 A, B) . In contrast, in S1 (n ϭ 6), the CSD profile was characterized by a prominent current sink in layer IV that extended into the lower part of layer II/III (Fig. 4 B, C) . Moreover, another localized sink could be observed in the lower part of layer V. The late phases of sensory-evoked responses in both regions represent spindle bursts, which showed a comparable CSD profile in S1 and M1. Consistent with the sink in layer V, MUA activity was observed in layer V of both M1 and S1. Cross-correlograms revealed that MUA in S1 layer II/III preceded MUA in M1 layer V (Fig. 4E1 ) and MUA in M1 layer II/III preceded MUA in layer V (Fig. 4E2) , indicating that layer II/III of S1 and M1 may drive spikes in layer V of M1.
Spontaneous gamma and spindle bursts in M1 are well correlated with burst activity in S1
Having demonstrated that forepaw stimulation evoked responses in S1 and M1, we next investigated the relationship between spontaneous activity in S1 and M1. Both S1 and M1 showed ongoing spontaneous activity transients (Fig. 5A ), which were further classified in their spectral properties. Whereas in S1 only spindle bursts were observed, both gamma and spindle bursts occurred spontaneously in M1 (Fig. 5A-C) . The majority of neural activity transients in S1 (66.7%, total n ϭ 1000 events from nine pups) and in M1 (67.4%, total n ϭ 990 events from nine pups) occurred synchronized between both regions within a narrow time window of Ͻ100 ms. The minority of events was restricted only to M1 (32.6%) or to S1 (33.3%). Similar to the evoked responses, the FP and MUA spectra and the coherence analysis of FP versus MUA in M1 showed a prominent peak at ϳ40 Hz (Fig. 5D1-D3 ), which was absent in S1 ( Fig. 5E1-E3 ). In addition, the power spectrum and coherence analyses of the spontaneous spindle bursts exhibited a peak at ϳ10 Hz in M1 and in S1 (Fig. 5D4-D6, E4-E6 ). These results suggest that spontaneous gamma and spindle bursts in M1 are, in most cases, temporally correlated with burst activity in S1.
Microstimulation of layer V neurons in immature M1 evokes motor activity
Previous anatomical studies in neonatal rats have shown that axonal projections from layer V corticospinal motor neurons extend into the dorsal columns of the lower cervical/upper thoracic spinal cord as early as P2/3 (Schreyer and Jones, 1982; Bates and Killackey, 1984) . To address the question of whether this early projection is functional and if the burst activity in M1 is capable to elicit movements, we inserted Michigan electrodes into functionally identified M1 cortex (Fig. 6A ) and performed intracortical bipolar microstimulation of layer V neurons (n ϭ 8 pups). Single pulse electrical stimulation (150 A, 100 s) and bursts of 10 pulses at 10 Hz or 40 Hz were used for intracortical stimulation and subsequent forepaw movements were monitored (Fig. 6B) . Single pulse electrical stimulation of M1 failed to evoke any response (Fig. 6 B, C1) . However, stimulation at 10 Hz caused a significant ( p Ͻ 0.001) increase in the response rate to 30.9 Ϯ 3% (n ϭ 8) compared with control conditions (unstimulated) and single pulse stimulation (Fig. 6 B, C1 ). Stimulation at 40 Hz further increased the response rate to 44.9 Ϯ 1.8% (Fig. 6C1) . Furthermore, the majority of evoked forepaw movements (88%, total 350 responses from 14 pups) were induced by 40 Hz stimulation at a latency between 80 and 180 ms (Fig. 6C2) . To study the . Bipolar electrical stimulation of layer V was applied between channel 2 and 6 (green dots). B, Spontaneous and stimulus-evoked forepaw movements in newborn rat. A single biphasic current pulse (150 A, 100 s duration) did not elicit a response. Stimulation with 10 or 40 Hz (10 pulses) evoked a forepaw movement. Red dashed lines indicate the time point of stimulation.Graytracesaresingletrialsandthelowerblackonesareaveragedtracesof40trials.C1,Boxplots ofresponseratetodifferentstimulationsrecordedineightP3-P5rats.Notethatthehighestresponse rate was observed with 40 Hz burst stimulation. C2, Bar diagram illustrating the response rate at different latencies using a 40 Hz stimulation (n ϭ 325 responses in eight P3-P5 rats). Significant differences among different parameters, stimulations, and control conditions were tested with onewayANOVA,followedbymultiple-comparisonswithBonferroni'scorrection.C3,Boxplotsofresponse ratetoa40HzstimulationrecordedinsixP3andsixP5rats.SignificantdifferencesbetweenP3andP5 were tested with the Mann-Whitney-Wilcoxon test. ***p Ͻ 0.001; *p Ͻ 0.05. functional development of the corticospinal projections (Schreyer and Jones, 1982; Bates and Killackey, 1984) , we analyzed the responses to 40 Hz M1 stimulation in P3 and P5 animals separately. These experiments revealed that the response rate at P5 (49.2 Ϯ 6.6%, n ϭ 6) was significantly higher ( p Ͻ 0.05) than at P3 (31.7 Ϯ 11.1%, n ϭ 6; Fig. 6C3 ). In contrast, no significant difference in the latency was observed between these two age groups (data not shown). In summary, these results indicate that physiologically relevant 40 Hz gamma and 10 Hz spindle burst stimulations of layer V neurons in M1 can elicit movements in immature rats, demonstrating a functional connection between M1 and forepaw muscles.
Immature M1 operates in both motor and somatosensory mode
To study the relationship between movements and neocortical activity patterns in more detail, we simultaneously recorded cortical activity in S1 and M1 and the movements of the forepaw (Fig. 7A ). Using this approach and independent analysis of the onset times of each event, we observed three distinct patterns (Fig. 7 B, C) during 10 min recordings of 1708 events in 16 rats.
The latency between onset of M1 activity and forepaw movements showed an obvious bimodal distribution, with peaks either before or after movement initiation (Fig. 7C1) . This bimodal distribution could not be observed in time-shuffled datasets and thus did not represent arbitrary correlations between independent events. Based on the experimental results obtained with mechanical forepaw stimulation or microstimulation of M1, we considered only events in which the latency between the onset of M1 activity and forepaw movement was between 80 and 180 ms as "M1 preceed forepaw movements" and only events with a latency between 20 and 100 ms as "movement precedes M1" events.
Approximately one-fourth (23.7%) of the activity transients in M1 preceded forepaw movements and network activity in S1 (Fig. 7C) , with both gamma (41.4 Ϯ 0.9 Hz; 26.7%, total n ϭ 405 events) and spindle (9.3 Ϯ 0.6 Hz; 73.3%) bursts in M1-preceding forepaw movements at a latency of 80 -180 ms (mean 129.2 Ϯ 23.5 ms; Fig. 7C1 ). This latency is comparable to the latency evoked by electrical stimulation of layer V neurons (mean 130 Ϯ 8.4 ms; Fig. 6C2 ). M1 activity preceded spindle bursts in S1 with a delay of 100 -200 ms (mean 173.8 Ϯ 21.4 ms), which is also visible as a peak (open arrowhead) in the MUA cross-correlation between S1 and M1 (Fig. 7C3) . In contrast, 40.7% of the activity transients in M1 were preceded by forepaw movements. Both gamma (40.5 Ϯ 0.7 Hz; 60.8%, total n ϭ 695 events) and spindle (9.8 Ϯ 0.8 Hz; 39.2%) bursts in M1 were preceded by forepaw movements at a delay between 20 and 100 ms (mean 46.6 Ϯ 15.3 ms; Fig. 7C1 ) and by spindle bursts in S1 at a delay between 5 and 20 ms (mean 15.3 Ϯ 1.7 ms), which is also visible as a peak (green arrowhead) in the MUA cross-correlogram between S1 and M1 (Fig. 7C3) . The occurrence of activity transients in M1-preceding Figure 1 , A3-A4, located in S1 (red), M1 (blue), and a movement detector attached to the contralateral forepaw. Blue line indicates the motor pathway, red line the sensory pathway. B, Relationship between forepaw movements and cortical activity in S1 and M1 in a P4 rat. B1, Gamma burst in M1 (black) elicited forepaw movement and preceded spindle burst in S1 (red). Black dashed line indicates time point of forepaw movement. Top black trace shows forepaw movement. B2, Spontaneous forepaw movement preceded gamma burst in M1 (green) and spindle burst in S1 (red). B3, Spontaneous activity in M1 (blue) and S1 (red) unrelated to forepaw movement. C1, Bar diagram illustrating the occurrence of FP activity, which preceded forepaw movements (blank box), followed forepaw movements (green) and were unrelated to movement (blue) in 16 P3-P5 rats. Red bars represent results from the shuffled dataset. C2, Pie diagram showing the percentages of the three patterns (n ϭ 1708 events from 16 P3-P5 rats during 10 min unstimulated recordings). C3, Cross-correlation of MUA between S1 and M1 from the same rat as in B. Note that S1 MUA precedes M1 MUA (green arrowhead) and M1 MUA precedes S1 MUA (blank arrowhead). Yellow traces represent results from the shuffled dataset. C4, Statistical analysis of the occurrence of the three patterns of activity. Significant differences were tested with one-way ANOVA. ***p Ͻ 0.001. D, Box plots of the occurrence of the three patterns of activity between six P5 and 7 P3 rats. Note the absence of significant differences between them. movement (2.5 Ϯ 0.3 min Ϫ1 ) was significantly ( p Ͻ 0.001) lower than the occurrence of that preceded by forepaw movements (4.3 Ϯ 1.5 min Ϫ1 ) and the occurrence of M1 activity transients not correlated with any movements (3.8 Ϯ 0.9 min Ϫ1 ) (Fig.  7C4 ) . The remaining 35.6% of the cortical activity transients in M1 were not correlated with any paw movement. These unrelated events in M1 uncorrelated to movements consisted of gamma (40.2 Ϯ 3.1 Hz; 50%, total n ϭ 608 events) and spindle (9.8 Ϯ 0.7 Hz; 50%) bursts. Some of these events in M1 were synchronized with activity in S1, whereas other events were restricted to M1. In summary, these results indicate that, for the most part, spontaneous activity in immature M1 does not activate a motor response directly, but that M1 is secondarily activated by spontaneous movements.
We also compared the occurrence of the different patterns between P3 and P5 animals (Fig. 7D ), but could not detect any significant difference ( p Ͼ 0.05) between P3 and P5 in the occurrence of M1 activity preceding forepaw movements (P3, 2.6 Ϯ 0.3 min Ϫ1 ; P5, 2.8 Ϯ 0.4 min Ϫ1 ), preceded by forepaw movements (P3, 4.4 Ϯ 0.9 min Ϫ1 ; P5, 4.9 Ϯ 0.98 min Ϫ1 ), or uncorrelated with forepaw movements (P3, 4.2 Ϯ 0.96 min Ϫ1 ; P5, 3.7 Ϯ 0.8 min Ϫ1 ). This result suggests that the maturation of corticospinal projections cannot account for the three distinct activity patterns.
To further elucidate differences among these three patterns, the average number of spikes in MUA; duration, frequency, peakto-peak amplitude, and spectral power of FP; and CSD profiles were analyzed for gamma and spindle bursts in layer II/III and layer V (Fig. 8, Tables 1, 2) . In layer II/III of M1, both gamma and spindle bursts preceding forepaw movement events had a significantly smaller ( p Ͻ 0.01 for gamma, p Ͻ 0.05 for spindle, respectively) number of spikes in MUA than that of the M1 activity preceded by movement events. Moreover, M1 events uncorrelated to movements had significantly less ( p Ͻ 0.05) spikes in MUA and a shorter ( p Ͻ 0.001) duration of gamma and spindle bursts than the other two patterns. The CSD profile from 8-shank/128-channel electrode recordings revealed no obvious difference between these 3 patterns ( Fig. 8A-C) . Frequency, amplitude, and spectral power of gamma and spindle bursts did not show any significant differences among the three patterns (Tables  1, 2 ). The most obvious difference between M1 activity preceded Spike number, average number of spikes in MUA per event; amplitude, peak-to-peak amplitude; power, spectral power. Data are presented as mean Ϯ SD. Significant differences among the three different patterns were tested with one-way ANOVA followed by multiple comparisons with Bonferroni correction. by movements and M1 activity uncorrelated to movements was the significantly ( p Ͻ 0.001) lower number of MUA in layer V (54.7 Ϯ 6.5 and 21.6 Ϯ 4.1 for gamma bursts; 63.3 Ϯ 6.7 and 27.2 Ϯ 3.9 for spindle bursts, respectively; Table 2 ), suggesting that a sufficiently strong output from M1 is required to initiate a movement. To identify the presynaptic source that drives the spikes in layer V of M1, we analyzed the cross-correlations between layer II/III from S1 or M1 and layer V of M1. For the M1-preceding movement events, the cross-correlograms (Fig.  8D ) revealed a substantial fraction of MUA in M1 layer V, which led activity in S1 by 150 -250 ms, most probably reflecting M1-induced movements that were sensed and conveyed to S1. Spikes in M1 layer II/III preceded M1 layer V by a few milliseconds, suggesting that M1 layer II/III is upstream to layer V. In contrast, for M1 activity preceded by movements, spikes in layer V of M1 followed activity in layer II/IIII of both S1 and M1 (Fig. 8E) , indicating that MUA activity in upper layers of M1 and S1 is triggered by sensory inputs and later conveyed to layer V of M1.
Gamma and spindle bursts occur in M1 in the absence of sensory inputs
To address the question of whether the spontaneous activity in M1 is influenced by sensory inputs from the periphery, we injected 3% lidocaine into the forepaw and recorded cortical activity in M1. After blockade of the sensory periphery, sensory stimulation of the forepaw did not induce any response in either M1 or S1 (Fig. 9 A, B) . In addition, spontaneous forepaw movements were completely absent in all six investigated animals ( Fig.  9C,D) . After blockade of the sensory inputs, the occurrence of spontaneous gamma and spindle bursts in contralateral M1 was significantly reduced by 49.1 Ϯ 11.2% (n ϭ 6, p Ͻ 0.01) and 48.6 Ϯ 6.2% ( p Ͻ 0.001), respectively (Fig. 9E1,E2) . Moreover, the duration of gamma and spindle bursts was significantly decreased by 37 Ϯ 11.5% (n ϭ 6, p Ͻ 0.01) and 36.3 Ϯ 9.6% ( p Ͻ 0.001), respectively (Fig. 9F1,F2 ). These results are in good agreement with our observations that ϳ40% of the spontaneous bursts in M1 were induced by forepaw movements (Fig. 7C2) .
To investigate the question of whether the interactions between spontaneous activity in M1 and S1 is affected by blockade of the sensory periphery, the occurrence of spontaneous events in S1 and M1 were analyzed before and after forepaw inactivation (Fig. 9G) . The occurrence of S1-preceding M1 events (5.4 Ϯ 0.97 min Ϫ1 ) was significantly higher (n ϭ 6, p Ͻ 0.05) than that of M1-preceding S1 events (3.4 Ϯ 0.44 min Ϫ1 ) before lidocaine injection into the forepaw. In the absence of sensory inputs, the occurrence of S1-preceding M1 events was drastically ( p Ͻ 0.001) reduced by ϳ80%, whereas that of M1-preceding S1 events was only slightly, but significantly ( p Ͻ 0.01), reduced to 3.1 Ϯ 0.34 min Ϫ1 . Together, these results demonstrate that sensory periphery inputs contribute mainly to S1-preceding M1 events, whereas M1-preceding S1 events are only marginally affected. These data support our hypothesis that sensory inputs drive both S1 and M1 (with S1 preceding M1) and that M1 can influence S1 directly.
Contribution of immature M1 to early motor activity
Our previous results demonstrated that only one-third of the forepaw movements were preceded by activity in M1 (Fig. 7C2) . To prove that spontaneous neuronal activity in M1 is directly responsible for these forepaw movements, we blocked the electrical activity in M1 locally by applying 1% lidocaine to the surface of M1. After inactivation of M1, the occurrence of forepaw movements decreased significantly by 31.7% (p Ͻ 0.001, n ϭ 7 for P3-P5) from 12 Ϯ 1.6 min Ϫ1 to 8.2 Ϯ 1.3 min Ϫ1 (Fig. 10A,B1 ). The average duration of forepaw movements was also significantly (p Ͻ 0.01) reduced, from 1.6 Ϯ 0.29 s to 0.99 Ϯ 0.16 s (Fig. 10B2) . These results are in agreement with our previous observation that only a fraction of neuronal activity in immature M1 triggers forepaw movements directly and suggest that M1 can modify motor responses that originate from subcortical regions.
Discussion
In this study, we combined VSDI with extracellular multielectrode recordings to study the functional interactions between S1 and M1 in P3-P5 rats in vivo. The main results of this study can be summarized as follows: (1) mechanical forepaw stimulation evokes burst responses in S1 and M1 as early as P3; (2) burst activity in M1 is often preceded by spontaneous forepaw movements, but to a lesser extent can also trigger movements; and (3) immature M1 functions as motor and somatosensory cortex. Our data indicate that, during early development, M1 already contributes to somatosensory information processing. The interactions between M1 and S1 are comparable to the mature cortex, with a considerable amount of additional spontaneous activity occurring at this early developmental stage.
Both VSDI and electrical recordings demonstrated that sensory stimulation induced cortical burst responses in S1 and M1 of P3-P5 rat pups, indicating an interaction between S1 and M1 during early postnatal development. In adult rodents, a variety of studies have demonstrated a close interaction between S1 and cortical motor areas (Farkas et al., 1999; Rocco and Brumberg, 2007; Brown et al., 2009; Aronoff et al., 2010; Ghosh et al., 2010; Mao et al., 2011) . The latency of sensoryevoked responses in S1 in our study is comparable to latencies reported previously in immature rats after forelimb stimulations (Armstrong-James, 1975; Mcvea et al., 2012) and is considerably longer than in adult S1 (Armstrong-James, 1975; Morales-Botello et al., 2012) , most probably reflecting the slower conduction of somatosensory information in immature animals. A similar ontogenetic difference in onset latencies has also been observed in the whisker system of the rat (cf. Ferezou et al., 2007; Yang et al., 2013) . The latency of forepaw evoked responses between S1 and M1 in the adult rat is ϳ5 ms (Ghosh et al., 2010) and thus comparable to the latencies observed in our experiments (ϳ8 ms), suggesting that similar pathways underlie this coactivation.
Sensory information can reach M1 either by direct thalamic projections to M1 or by associative connections from S1. In the For further information and meaning of asterisks, see Table 1 .
vibrissae system of the adult rat, it has been shown that somatosensory responses in the ventrolateral nucleus of the thalamus, the main area projecting to M1, appear after the responses in M1, indicating that this thalamocortical pathway does not contribute to the fast responses in M1 (Farkas et al., 1999) . Consistent with this, it has been shown recently that the functional interaction between M1 and S1 in the rodent whisker system does not depend on thalamic connections (Zagha et al., 2013 Neuroanatomical tracing studies identified reciprocal connections between S1 and M1 Mao et al., 2011) , which may underlie the functional interaction between both cortical areas. Because M1-projecting neurons in S1 show touchrelated responses during active whisking (Chen et al., 2013) , these anatomical connections are most probably involved in the relay of sensory information to M1. Conversely, neural activity in M1 can also influence sensory processing in S1. In adult animals, a disinhibitory circuit in M1 has been shown recently to influence sensory processing in S1 (Lee et al., 2013). In our study, both FPs Figure 9 . Effect of blocking peripheral sensory input on spontaneous activity in M1. A1, Schematic illustration of the experimental setup with mechanical stimulation of the controlateral forepaw. A2, Gamma and spindle bursts could be induced in M1 and S1 of a P3 rat under control conditions. B, Same experiment as in A, but 20 min after 3% lidocaine injection in the forepaw. C, D, Twenty-second-long recordings in the M1 forepaw representation before (C1, blue) and 20 min after (D1, green) lidocaine injection. C2, C3, D2, D3, Examples of gamma bursts (C2, D2) and spindle bursts (C3, D3) displayed at an expanded time scale and marked by asterisks in C1 and D1. Note decrease in the occurrence and duration of gamma (g) and spindle bursts (s) in M1 after inactivation of the forepaw. E, F, Forepaw inactivation reduced the occurrence (E) and duration (F ) of spindle and gamma bursts in M1 of six P3-P5 rats. Significant differences were tested with paired t test from six P3-P5 rats. G, Forepaw inactivation changed the relationship between spontaneous activity in M1 and S1 in the S1-preceding M1 activities (S1 pre M1) and M1-preceding S1 activities (M1 pre S1) patterns. Significant differences between before and after forepaw inactivation were tested with paired t test. Significant differences between S1 pre M1 and M1 pre S1 were tested with the Mann-Whitney-Wilcoxon test. ***p Ͻ 0.001, *p Ͻ 0.01 by paired t test; #p Ͻ 0.05 by Mann-Whitney-Wilcoxon test.
and MUA in M1 can precede that in S1. Moreover, in the absence of sensory inputs, the occurrence of S1-preceding M1 events was significantly lower than that of M1-preceding S1 events. These observations indicate that M1 has considerable influence on S1 in newborns, suggesting direct connections at this age. Consistent with previous observations in the immature visual and barrel cortex (Colonnese et al., 2010; Yang et al., 2013) , we observed that the response in the forepaw-related S1 consists of an early and late component. However, in contrast to these previous studies (Colonnese et al., 2010; Yang et al., 2013) , which demonstrated early gamma bursts in whisker-related barrel cortex, tactile stimulation of the forepaw failed to evoke gamma activity in forepaw-related S1. In S1, both sensory-evoked and spontaneous activity consisted only of spindle bursts, consistent with previous findings in nonbarrel somatosensory cortex (Khazipov et al., 2004) . Conversely, in M1, gamma bursts could be observed in sensory-evoked responses and in spontaneous activity. Interestingly, in human cortex, gamma-band activity dominates in M1 in magnetoencephalographic recordings during a sensorimotor task, whereas alpha band spindle activity prevails in S1 (Tecchio et al., 2008) . The gamma bursts observed in the present study and previously in the barrel cortex (Colonnese et al., 2010; Yang et al., 2013) are not identical to classical gamma oscillation, which appeared during later stages of development, but rather resemble transient gamma events (Buzsáki and Wang, 2012; . Our CSD analyses revealed that evoked early gamma activity in M1 shows a considerable different spatial profile from the early gamma activity in S1 (Minlebaev et al., 2011) , suggesting that different circuits underlie the gamma activity in M1.
Approximately 40% of the spontaneous gamma and spindle bursts in M1 were triggered by paw movements, and blockade of forepaw movement by local lidocaine injection reduced the occurrence of gamma and spindle bursts by ϳ40%. These results indicate that an early motor-sensory loop contributes to gamma and spindle bursts in immature M1, as has been demonstrated previously for the somatosensory cortex (Khazipov et al., 2004) . Similar results have been reported in the whisker (Yang et al., 2009; Tiriac et al., 2012) , the visual system (Hanganu et al., 2006) , and the auditory system (Tritsch and Bergles, 2010) .
Approximately 35% of the M1 bursts are not correlated directly with forepaw movements, consistent with the results of Khazipov et al. (2004) , who reported that ϳ14% of the spindle bursts in S1 are not associated with movements. This result suggests that, although the majority of neocortical activity transients are generated in subcortical regions or the periphery, a considerable fraction is generated within the cortex itself. Approximately 23.7% of the forepaw movements were preceded by gamma and spindle activity in M1, indicating that these forepaw movements were triggered directly by M1 activity. In these cases, part of the S1 MUA was triggered by sensory perception of the movements, but a considerably amount of MUA in S1 was simultaneous to M1 activity, suggesting direct interactions between these areas. This assumption is supported by the observation that M1 activity uncorrelated to movements was paralleled by activity in S1, and M1 activity without periphery sensory input was still correlated with activity in S1. Furthermore, we demonstrate that microstimulation of M1 in spindle and gamma-frequency bands reliably evokes forepaw movements and local blockade of M1 attenuated forepaw movements. Therefore, spontaneous burst activity in M1 can already trigger spontaneous movements in immature rodents. This conclusion is supported by the observation that bursts in M1, which are sufficient to trigger movements, are characterized by a higher number of spikes in layer V. However, the latency between M1 microstimulation or layer V activity and forepaw movement is considerably longer than in the adult somatosensory system (Bonazzi et al., 2013) , which may reflect the slower conduction of information in immature animals or may indicate that M1 does not initiate movements directly, but rather interacts with subcortical movement generators.
Early activity patterns triggered by the sensory periphery play a critical role in the development of functional topography maps. The development of the somatotopic sensory cortical map has been suggested to require spindle burst activity in S1 triggered by spontaneous twitches of the paws (Khazipov et al., 2004) . Localized gamma and spindle bursts in neonatal vibrissal S1, which were induced by spontaneous whisker movements (Tiriac et al., 2012) and transferred to the developing cortex via the subplate (Tolner et al., 2012) , resemble the topographic and functional columnar organization in barrel cortex already at early postnatal stages (Yang et al., 2013) . In the visual system, patterned spontaneous retinal waves not only contribute to the retinotopic map refinement in the superior colliculus (McLaughlin et al., 2003; Chandrasekaran et al., 2005) , but also trigger cortical spindle bursts (Hanganu et al., 2006) , which may contribute to the spatial refinement in V1 (Cang et al., 2005) . In the developing auditory system, spontaneous activity in auditory nerve fibers before the onset of hearing is essential for the refinement and maintenance of tonotopic maps (Rubel and Fritzsch, 2002; Leake et al., 2006; Tritsch et al., 2007) . We suggest that early gamma and spindle bursts in M1 contribute to the fine-tuning of the somatotopic organization within the motor cortex. In parallel, activity-and use-dependent processes are important to establish the mature pattern of topographic specificity between corticospinal axons and their spinal targets (Martin, 2005) . In addition, the topographical organization of M1 shows a substantial refinement during postnatal development (Chakrabarty and Martin, 2000). A1 and A2) . B, Inactivation of M1 by lidocaine reduced the occurrence (B1) and duration (B2) of spontaneous forepaw movements. Averaged data (larger symbols) show mean Ϯ SD. Significant differences were tested with paired t test from seven P3-P5 rats. ***p Ͻ 0.001; **p Ͻ 0.01.
Therefore, both spontaneous and sensory-evoked gamma and spindle bursts in M1 may also be critical for the formation of functional efferent motor pathways. We propose that these spontaneous activity transients carry feedback information to the motor cortex, which may be important for the development of a body representation in the motor-sensory system. Neonatal mice (Gramsbergen et al., 1970; Clarac et al., 2004 ) and fetal or premature humans (de Vries et al., 1982; Cioni and Prechtl, 1990; Milh et al., 2007) already show coordinated behavioral responses that require coordinated limb movements. Therefore, functional motor-sensory integration is probably already of central importance at this early stage to allow coordinated movements and/or adequate processing of sensory information induced by active movements.
